Residential energy efficiency and ventilation retrofits (eg, building weatherization, local exhaust ventilation, HVAC filtration) can influence indoor air quality (IAQ) and occupant health, but these measures' impact varies by occupant activity. In this study, we used the multizone airflow and IAQ analysis program CONTAM to simulate the impacts of energy retrofits on indoor concentrations of PM 2.5 and NO 2 in a low-income multifamily housing complex in Boston, Massachusetts (USA). We evaluated the differential impact of residential activities, such as low-and high-emission cooking, cigarette smoking, and window opening, on IAQ across two seasons. We found that a comprehensive package of energy and ventilation retrofits was resilient to a range of occupant activities, while less holistic approaches without ventilation improvements led to increases in indoor PM 2.5 or NO 2 for some populations. In general, homes with simulated concentration increases included those with heavy cooking and no local exhaust ventilation, and smoking homes without HVAC filtration. Our analytical framework can be used to identify energy-efficient home interventions with indoor retrofit resiliency (ie, those that provide IAQ benefits regardless of occupant activity), as well as less resilient retrofits that can be coupled with behavioral interventions (eg, smoking cessation) to provide cost-effective, widespread benefits.
| INTRODUCTION
In response to the economic and social impacts of energy consumption, a variety of residential energy retrofitting programs have been implemented in the USA 1 and elsewhere. In particular, weatherization retrofits aim to reduce heating and cooling demands by minimizing air leakage across the building envelope. While this can yield economic benefits and contribute to reductions in carbon dioxide emissions, it has been well established that reduced air exchange rates in the absence of other measures can lead to increased concentrations of indoor-sourced pollutants, such as fine particulate matter (PM 2.5 ) 2 and nitrogen dioxide (NO 2 ), 3 with corresponding effects on a range of health outcomes, including asthma.
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These unintended consequences are especially salient in lowincome, multifamily housing. In these populations, rates of smoking 5 and gas stove cooking 6 tend to be higher, which can influence indoor concentrations of PM 2.5 and NO 2 , respectively. Furthermore, lowincome residents tend to live in smaller apartments within multifamily residences, potentially increasing the influence of indoor sources within their apartments due to smaller volumes or from neighboring apartments due to shared walls and compartments (eg, hallways).
7
Low-income urban populations also have higher baseline rates of respiratory illnesses, such as asthma, exacerbated by indoor combustion pollutants.
8
Improvements in ventilation and filtration have been recommended to mitigate the negative weatherization-related consequences for indoor air quality (IAQ) and health 9 (ie, disbenefits),
and several field investigations have demonstrated that retrofit programs that incorporate these measures can lead to net improvements in IAQ. [9] [10] [11] [12] [13] [14] However, the reported magnitude of benefits/disbenefits varies across studies, as well as between specific subpopulations. For example, following a green energy retrofit of a low-income senior housing complex in Arizona, Frey et al (2015) observed statistically significant decreases in PM 2.5 only in apartments that reported smoking at baseline, but it was unclear whether this improvement was due to post-retrofit changes in smoking behavior or to the upgraded ventilation systems and exhaust fans.
12
Other studies have specifically attributed IAQ-related impacts to post-retrofit occupant activities rather than retrofit design. Colton et al (2014) reported 57% and 65% lower concentrations of PM 2.5 and NO 2 , respectively, in "green" retrofitted multifamily public housing compared to control homes in Boston, MA. 10 This was hypothesized to be primarily due to the post-retrofit implementation of no-smoking policies and the replacement of gas stoves with electric stoves, respectively, but without formal quantification of the effects of these measures over others. 10 Meanwhile, Coombs et al (2016) reported significantly lower levels of indoor black carbon (from outdoor sources) and increases in some indoor-sourced pollutants following a "green" renovation of a low-income multifamily housing complex in Cincinnati, OH, but concluded that these benefits were likely due to post-retrofit reductions in window-opening activity.
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While the existing evidence of IAQ-related benefits from energy retrofits in field studies is valuable, it is highly population and site specific, and it is challenging to disentangle contributing factors or observe differences between population groups due to limited sample sizes. resiliency is a useful concept because it emphasizes that building performance is dependent on both structural design and occupant utilization. 18 For this study, we define indoor retrofit resiliency as the ability of a home intervention to withstand both external environmental factors and the influence of internal stressors (ie, occupant activity) that could reduce the performance of the intervention.
Therefore, an energy retrofit that is resilient to occupant activity is one that provides IAQ benefits regardless of expected and unexpected indoor occupant activity.
In the current study, we used a multizone airflow and contaminant transport analysis program to simulate the environmental conditions and IAQ before and after an energy retrofit in a low-income multifamily housing complex. Using changes in indoor pollutant concentrations as a metric of indoor retrofit resiliency, we also examined the variable impact of residential activities, such as low-and high-emission cooking, cigarette smoking, and window opening, on the performance of energy-retrofitted homes across heating and cooling seasons. of bathroom and kitchen exhaust fans. See Table S1 for renovation details.
| METHODS

| Building model
We used CONTAM 3.1.0.3 (NIST, Gaithersburg, MD, USA) to simulate the environmental conditions of a typical low-rise apartment before and after energy retrofits at the modeled site in Boston, MA.
CONTAM is a well-validated, multizone mass transport analysis program that provides a framework for the construction of building models and estimation of pollutant concentrations and airflows. 19 The CONTAM base template used in this study was previously developed using architectural and mechanical specifications of a typical low-rise building at the modeled site containing 8 units ( Figure S1 ). A summary of the application of building elements (eg, windows, doors) and associated leakage values based on ASHRAE values and previous modeling studies has been published in detail. 20 The results of the current study are based on simulations of Unit A, a lower-level corner unit (located on levels 1 and 2) with a living room, kitchen, and mechanical room on the first level and three bedrooms and a bathroom on the second level. The total volume of Unit A is 221.5 m
3
. In the winter, the building was supplied with outdoor air via the mechanical forced-air heating system ducts as well as window opening and infiltration. In the summer, fresh air depended on window opening and infiltration.
In both seasons, we modeled manually operated exhaust fans in the kitchen and bathroom in the post-retrofit condition. Details of these natural and mechanical ventilation parameters and schedules are contained in the supplement (Table S2 ).
| Contaminant parameterization
We modeled the combustion by-products NO 2 and PM 2.5 , given previous literature on their association with asthma exacerbations. [21] [22] [23] [24] [25] Pollutant sources were based on information obtained from interviewing the building management company, and included gas stove cooking and infiltration. Smoking in the living room served as an additional source of PM 2.5 . Pollutant emission rates were parameterized using published literature values (Table S3) 
| Indoor retrofit resiliency parameterization
We simulated the indoor conditions of a typical low-rise building at the modeled site with each unit housing a family of four (two adults and two children) ( Figure S1 ) across 64 combinations of renovation and occupant activities that represent unique indoor retrofit resiliency scenarios. The key dimensions in our factorial design are outlined in Table 1 were within reasonable limits of previously measured data. [29] [30] [31] In CONTAM, the pre-and post-retrofit MERV filter ratings were associated with 10% and 40% removal efficiencies of PM Table S3 for cooking and frying emission rates Table S3 .
| Data analysis
CONTAM output files were converted to text and Microsoft Excel files using SimReadW (NIST, Gaithersburg, MD, USA), and data analysis was performed using SAS ® software (Version 9.2; SAS Institute
Inc., Cary, NC, USA). Hourly data were averaged to obtain sourcespecific 24-hour mean contaminant concentrations (ie, outdoor and cooking PM 2.5 and NO 2 , and smoking PM 2.5 ), temperature, and relative humidity per zone (ie, room) over 7 days. All 24-hour weekly means were then weighted by zone volumes and summarized to estimate unit averages. Unit-specific air exchange rates were calculated by dividing the sum of airflows calculated by CONTAM across all paths, including windows, doors, and other leakage points, by unit volume.
| RESULTS
A total of 280 heating days and 168 cooling days were generated, representing 64 indoor retrofit resiliency scenarios. Figures 1 and 2 present 24-hour average concentrations of total indoor PM 2.5 and 
| Impact of weatherization only
Weatherization measures alone lead to increases in total indoor PM 2.5
for most occupants, and these weatherization-related disbenefits tend to be greater in scenarios with stronger indoor sources (eg, heavy cooking and smoking) and less natural ventilation due to closed windows ( Figure 1 however, the only substantial increase is observed during heavy cooking with closed windows in the cooling season (Figure 2 ).
| Impacts of weatherization and exhaust fan usage
When exhaust fans are operated post-weatherization, there are substantial reductions in total PM 2.5 and NO 2 concentrations relative to the weatherization-alone scenario, and there are net decreases in concentrations relative to baseline for most (but not all) scenarios (Figures 1 and 2 ). When windows are closed, these benefits are driven by the substantial exhaust of cooking-sourced concentrations, which offsets the minor increase in outdoor-sourced concentrations for both pollutants in the heating and cooling seasons ( Figures 3A vs C and 4A F I G U R E 2 Twenty-four-hour average concentrations of total indoor NO 2 modeled in Unit A of a low-rise, stacked townhouse apartment building over a week during heating (top panel) and cooling seasons (bottom panel). Each panel displays the change in pollutant concentrations from the pre-retrofit (baseline) condition to several post-retrofit conditions by window-opening activity. Postretrofit conditions include: (1) weatherization only (building sealing, window/door replacements), and (2) weatherization plus exhaust fans operating in the kitchen and bathroom during cooking and showering events, respectively vs. C). As a result, exhaust fan utilization with closed windows leads to substantial total PM 2.5 -and NO 2 -related benefits among scenarios with heavy cooking, but more modest benefits for scenarios with average cooking in both seasons (Figures 1 and 2 ).
Exhaust fans have a limited effect on PM 2.5 from smoking compared to cooking in both seasons; consequently, smoking-sourced 
| Impacts of weatherization and HVAC particle filtration
The addition of higher efficiency HVAC particle filtration (from MERV 4 to MERV 7) to building weatherization leads to reductions in total indoor PM 2.5 in the heating season when the system is active, and these reductions are comparable in magnitude across all occupant activity scenarios ( Figure 1 ). This is due to the fact that HVAC particle filtration has a similarly moderate effect on PM 2.5 from all sources ( Figure 3D ), whereas local exhaust ventilation (eg, kitchen exhaust fan) provides more significant reductions for cooking-sourced PM 2.5 ( Figure 3C ). Since smoking occurred in the living room, PM 2.5 from smoking was more responsive to improved whole-building HVAC filtration rather than local exhaust ventilation ( Figure 3D vs. C). Improved HVAC filtration had no effect on NO 2
concentrations (results not shown) due to the fact that MERV filters are designed to removal particle pollutants, not gases. As expected, weatherization accompanied by both exhaust fans and improved HVAC filtration leads to greater reductions in indoorsourced PM 2.5 than either retrofit on its own (Figures 1 and 3 ).
Net reductions in concentrations are seen for all occupant activity scenarios.
| DISCUSSION
With this modeling framework, we were able to quantify the impact of energy retrofits on IAQ across different combinations of renovation measures and occupant activity levels. Overall, we found that mod- however, these results were based on a single cooking emission rate and schedule for NO 2 and PM 2.5 and did not include smoking.
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Similar to Emmerich et al we observed a slight increase in outdoorgenerated PM 2.5 and NO 2 due to fan utilization; however, the reduction in indoor-sourced pollutants (ie, pollutants from cooking and PM 2.5 from smoking in the living room) greatly outweighed the disbenefits.
Because of the complexity of building and airflow physics, as well as human behavior, there are limitations in using models to describe these systems. However, our study is meant to be a comparative analysis for which valid scientific assumptions have been made. To account for the complexities of pollutant transport in multifamily buildings, we utilized the well-validated CONTAM model, which has been extensively applied to measure the IAQ impacts of central forced-air heating and cooling systems, 38 energy-efficient retrofits, 2, 27 and healthy home interventions. 27, 39, 40 Directly validating the modeled outputs using measurements was not plausible given the factorial design and the hypothetical nature of each of the 64 scenarios, but CONTAM has been widely validated and our concentration estimates are similar to those in the literature for comparable scenarios. In addition, the factorial design allowed us to effectively test the sensitivity of our conclusions to a range of source emission rates, basic building characteristics, and occupant behaviors like window opening, effectively increasing the generalizability of our work.
To capture the influence of occupant activity on IAQ, we applied fixed schedules for indoor temperature, cooking and smoking activity, window and door opening, and exhaust fan operation. While these standardized schedules allowed for direct comparisons between retrofit scenarios, they do not capture the variability in human activity or the influence of the outdoor environment on indoor conditions. For example, window-opening activity was included for ventilation purposes during scheduled cooking and showering events but we did not account for changes in human activity in response to extremes in internal temperature, a significant driver of windowopening activity, 41 Additionally, all occupant activity was assumed to be the same before and after the retrofit, based on results from a questionnaire administered to building residents that indicated no significant occupant activity changes. However, in other studies behavioral changes have been recorded. For example, Coombs et al observed less window opening following green retrofits (including weatherization and central heating upgrades) in a low-income housing complex in Cincinnati,
OH.
11 Lastly, no information was available to validate leakage rates, so modeling results are therefore representative of the characteristics of a typical low-rise building at the modeled location, not any specific building. In spite of these simplifying assumptions and other limitations intrinsic to simulation modeling, our model offers a framework for analyzing hypothetical changes in window-opening and cooking activity and can easily accommodate alternative assumptions, both in the parameters of our factorial design and in the building configuration within CONTAM.
| CONCLUSIONS
Overall, our results support current recommendations to incorporate improved ventilation and/or filtration measures into traditional energy efficiency campaigns in order to mitigate IAQ disbenefits commonly associated with building tightening. Given that the IAQ performance of these retrofits is highly dependent on occupant activities, such as cooking, smoking, and windowopening activity, it is important to ascertain precisely which com- 
